Manual digital timing devices such as stopwatches are ubiquitous in the education sector for experimental work where automated electronic timing is unavailable or impractical. The disadvantage of manual timing is that the experimenter introduces an additional systematic error and random uncertainty to a measurement that hitherto could only be approximated and which masks useful information on uncertainty due to variations in the physical conditions of the experiment.
I. INTRODUCTION
Physics experiments that rely on the measurement of a time interval would by choice use an automated electronic timing system. For example, a trolley moving down a slope can be set up to activate a light gate at the top of the slope and again at the bottom of the slope. However, in many instances, it is impractical to use automated electronic timing and measurements are undertaken using hand-held stopwatches. School and undergraduate physics laboratories contain many experiments that rely on manual timing. Examples include experiments that measure the oscillation frequency of a pendulum, the time taken for a body to slide or roll down a slope, various experiments to measure terminal velocity most notably ball-bearings falling or bubbles rising through glycerol/water 1 , measurement of precession frequency to determine the dipole moment of a permanent magnet inside a billiard ball, the determination of "g" using a spring, the study of propagation of thermal waves 2 , the draining of a tank under gravity 3 , applications in statistical mechanics 4 , and more.
A B stopwatch light gate The educational value of these experiments is enhanced by a detailed discussion of error and uncertainty 5 . Students might discuss the various physical factors that would lead to systematic error and uncertainty in the time measured and their relative importance. Students can be asked to think about human factors that might influence accuracy. How might error and uncertainty be reduced and quantified? And how should a time recorded from a digital stopwatch display be presented if it was to include an uncertainty?
In this article we focus on error and uncertainty associated with manual timing in scientific measurement. We use one experiment to illustrate the issues associated with evaluating and combining the various contributions to the error and uncertainty. The experiment chosen is a "glycerol experiment" widely used both in undergraduate and pre-university laboratories to determine the terminal velocity of a small spherical object, normally a ball-bearing. The terminal velocity can be used to determine the viscosity of the fluid. The glycerol experiment is illustrated in Fig. 1 and provides an excellent example of an experiment in which repeated measurements can readily be obtained, allowing the consideration of a variety of sources of experimental systematic error and random uncertainty. The experiment also lends itself to more ambitious investigation. For example, use of very small spheres allows access to both linear and quadratic drag force regimes 6 , and dropping the ball-bearings at different distances from the tube side leads to predictable differences in terminal velocity 7 .
The article is organised as follows. In Sec. II, sources of error and uncertainty are categorised and discussed. In Sec. III, results are presented for the distribution of human reaction time obtained from a large data source and these are applied to a glycerol experiment with manual timing in Sec. IV. The implication of these results for physics experiments is summarised in Sec. V.
II. ERROR AND UNCERTAINTY
We start this section with a summary of key terms and concepts. Formal definitions are found in the Guide to the Expression of Uncertainty in Measurement 8 . A physical quantity which is subject to measurement during experimentation is termed a measurand. Error refers to the result of a measurement (a single measurement or a numerical summary from a series of repeated measurements) minus the true value of the measurand. In practice the true value of a measurand will not be known, even after experimentation. hand-held stopwatches. In both experiments the objective is to find the terminal velocity of a given ball-bearing using the equation
Here d is the distance between two markers, with the highest marker positioned at a depth sufficient to ensure that the ball bearing attains terminal velocity before it reaches the marker, and τ is the time for the ball-bearing to move the distance d. For both experiments it is reasonable to assume that the measurements for d and τ are independent. Thus, in both cases the uncertainty, δv, in the terminal velocity, v, is given by:
where δτ and δd are the uncertainties in measurements for τ and d.
A. Experiment A
In version A of the experiment, n independent repeat measurements, τ i , for i = 1 . . . n, are made of the time taken for the ball-bearing to travel between the start and finish markers.
In experiment A, the time measurement is made by an automated electronic timing system without human intervention. The purpose of undertaking repeat time measurements is to obtain a satisfactory estimate of τ , the true time taken for the ball-bearing to move between the markers. The variation in the n individual measurements τ i is due to fluctuations in the physical conditions of the experiment and these measurements are assumed to constitute a random sample from a normal distribution with mean τ and standard deviation σ 1 , that is
The true values of τ and σ 1 are unknown. The best estimate of τ is calculated from the mean of the data as:
The uncertainty in τ is evaluated by a Type A approach. Using statistical theory, the true unknown time interval τ is taken to beτ ± σ 1 / √ n to one standard deviation. That is, for approximately 68% of samples of size n, the true value of τ will lie betweenτ − σ 1 / √ n and
The data provide an estimate of σ 1 via the formula:
The value of s 1 is calculated from the data and the measurement of the time interval τ is presented asτ ± s 1 / √ n. We useτ as the best estimate of τ in (1) and (2), and δτ = s 1 / √ n as the uncertainty in τ in (2). With σ 1 being estimated by s 1 , the evaluation of δτ is based entirely on the data of the experiment. At this point some comment should be made on the reliability of s 1 as an estimate of σ 1 in ( Notice that the method of evaluating the uncertainty δd is Type B, being based on assessment of the error magnitude from knowledge of the measuring equipment and apparatus set up. Since d is obtained from a single measurement, Type A uncertainty evaluation, such as a standard deviation calculation of type (3), is not available for δd. Occasionally, error analysis that fails to recognise the difference between estimates based on one measurement and those based on a set of measurements leads to illogical consequences 9 . In the present experiment, the estimation of v and the error analysis proceeds using the measured value of d and an appropriate value for δd. These, together with estimates of τ and δτ already obtained yield values for v and δv via (1) and (2).
In assuming that the time measurements τ i arise from a normal distribution with mean In the context of Experiment A, we will briefly justify that such an error can be con- In general, systematic errors associated with the time measurements in Experiment A are unknown and cannot be estimated and are assumed negligible.
B. Experiment B
It is often impractical to set up electronic timing systems in which case a hand-held timing device (usually a stopwatch) is used instead. This is Experiment B in Fig. 1 . The stopwatch is started by an experimenter the moment the ball-bearing crosses the first mark and stopped when the ball-bearing is seen to cross the second mark. Manual timing introduces additional sources of error and uncertainty. For example, parallax errors, in which the observer identifies the moment the ball-bearing crosses a line by viewing at an angle, can lead to both systematic error and uncertainty. Such errors are generally discussed and acknowledged but are difficult to quantify. Moreover, errors of timing due to parallax are likely to be subsumed within the general reaction time variability of the human stopwatch operator. Thus, in Experiment B consideration needs to be given to the error and uncertainty associated with manual timing.
In the following section we provide definitive values for the error and uncertainty of human reaction time associated with an anticipated visual trigger for a single measurement event.
This is then extended to encompass the situation of Experiment B in which both start and stop points of a manual time are anticipated by visual cues.
III. REACTION TIMES
Human reaction time can be defined as "the time elapsed from stimulus presentation until a reaction/response occurs" 13 . The type of stimulus can fall into one of two categories:
an anticipated stimulus or an unanticipated stimulus. In the context of laboratory physics, a stimulus is normally anticipated. For an anticipated stimulus, the motion of an object can be followed by the eye and the moment when the object meets a designated marker can be We present a statistical analysis of a large volume of data obtained from swimming competitions in Hampshire, UK, during 2016-18. In swimming competitions, electronic timing is started automatically by a signal from the starting box and is stopped when the swimmer presses on a touch-sensitive pad. This gives the automated race time for the respective swimmer. In addition, semi-manual timing provides a back-up time if there is a problem with the electronic timing at the finish of the race, usually a light touch by the swimmer failing to activate the pad sensor. The semi-manual timing starts automatically in the same way as the electronic timing. The timekeeper watches the swimmer approach the pad at the conclusion of the race and presses a button at the end of a stick connected to the timing circuitry when they observe the touch. To emphasise, timekeepers are trained to press the button only at the moment they see the swimmer touch the pad. The semi-manual time t sm is recorded automatically together with the automated race time t e and saved to file.
The difference between an automated race time and semi-manual time, δt = t sm − t e , can be considered as the reaction time of the manual operator in operating the stop mechanism at the end of the race. There may be systematic errors, the most significant of which will be associated with the time difference between the moment the swimmer touches the timing pad (prompting the timekeeper to press the back-up button) and the activation of the pressure sensor. The sensor is activated when a gap of 2 mm is closed causing a circuit to be completed and the dispatch of a pulse signal to stop the electronic timer. Even the slowest swimmer drifting to finish a race will move at 1 m/s and so the maximum time differential between the touch of the pad and sensor activation is about 0.002 s, contributing a small systematic error to δt. There is a vast amount of literature related to human reaction times to various stimuli and considerable interest in the sport conditioning sector but little that provides a direct comparison with the present data, none that provides results from such a large sample and none that is as directly relevant to timekeeping in the laboratory. Welford states that the reaction time is generally accepted to be 0.19 s for a non-anticipated trigger 21 . A study involving 44 physics students performing the dropped-ruler experiment, described earlier, 2 ) distribution, where σ 2 is the true standard deviation of measurements of τ which will include variability due to both human reaction time and the physical conditions of the experiment. We would expect σ 2 > σ 1 from electronically-timed experiment A.
Here, as with the calculations for Experiment A, we assume systematic timing errors are negligible. If we momentarily also assume that any variability in the Patel measurements is due solely to the variation in reaction time of the experimenter, then we have a reliable estimate for σ 2 using σ 2 = σ = 0.10 s from the 4304 repeat measurements in Sec. III.
Thus the uncertainty in a single time measurement of τ is 0.10 s to one standard deviation.
Further, with five repeat measurements, the estimate of the time interval τ is presented as τ ± 0.10/ √ 5 s to one standard deviation. Here, the evaluation of uncertainty is Type B, since the value σ 2 = 0.10 s has been obtained from the assumed distribution N (0, 0.10 2 ) and not from the data of the experiment. The motivation for the approach is that the measure It is notable however that the average of the eight estimates for σ 2 is 0.11 s which is very close to the accurate value of 0.10 s presented in Sec. III. This suggests that the spread of repeat time measurements is dominated by the variation in human reaction time. In other words, σ 1 σ 2 . This is not surprising since we would not expect carefully-executed terminal velocity experiments using glycerol to be sensitive to variation in physical conditions during a set of repeat measurements executed over short distances. Variations would be expected to become more significant over longer distances.
The terminal velocity v can now be determined using the smallest ball-bearing radius as an example in whichτ = 3.71 s. Using d = 200 ± 1 mm and Eq. 2, the result yields v = 53.9 ± 0.7 mm/s. The human and non-human contributions to the error and uncertainty are summarised and discussed for an example terminal velocity experiment in which ball-bearings descend through glycerol. Based on an online report containing raw times, we conclude that the contribution to reaction-time uncertainty may dominate the contribution due to the variability of physical conditions of the experiment.
The results for the reaction time uncertainty presented here are useful for the analysis of experiments undertaken in the physics laboratory which employ stopwatch timing. With confidence, the random uncertainty associated with a stopwatch-generated time interval is 0.10 s at one standard deviation. Likewise, the random uncertainty associated with the mean of n repeat time interval measurements is 0.10/ √ n s. This is particularly useful for small samples where measures of standard deviation calculated from the data set can be unreliable. The result also enables the reaction-time uncertainty to be subtracted out of the variation observed in repeat measurements in the real experiment to reveal the uncertainty solely associated with variations in the physical conditions of the experiment. 
